Cryptococcus neoformans is an opportunistic human pathogen belonging to basidiomycetous fungi and has unique properties in cell cycle progression. The purpose of this study was to measure the duration of the cell cycle in this yeast. Under standard liquid culture conditions 1% yeast extract, 1% polypeptone, and 1% glucose; 24°C; and 150 rpm , the doubling time of exponentially growing C. neoformans was 132 ± 16 min mean ± standard deviation , and the durations of the G1, S, G2, and M phases were about 71, 18, 25, and 18 min, respectively. DNA synthesis started before bud emergence, and finished by the time the size of the bud became 1/4 that of the mother cell. The doubling time of the daughter cells was about twice that of the mother cells. The spindle pole body was located on the outer nuclear envelope and showed a duplicated form from the G1 phase to the G2 phase. These data form a basis for further cell cycle study of C. neoformans.
Introduction
Cryptococcus neoformans is the asexual stage of Filobasidiella neoformans. It belongs to the class Basidiomycetes and is distributed worldwide. It is an opportunistic human pathogen causing cryptococcosis and is one of the most lifethreatening microorganisms in HIV-infected patients 1 .
To manage cryptococcosis, it is essential to understand the biological properties of C. neoformans. This microbe has unique cell cycle features. Its growth arrests at not only the G1 phase but also the G2 phase in the stationary phase 2 . Bud emergence is gradually delayed from the S phase to the G2 phase with growth progression 3 .
The purpose of this study was to measure the durations of the G1, S, G2 and M phases and the doubling times of the mother and daughter cells under standard liquid culture conditions. Electron microscopy of spindle pole bodies SPBs was also carried out since these organelles play an important role in cell cycle progression. The basic data obtained in this study should be useful for further studies of the cell cycle of C. neoformans.
Materials and Methods

Strains, culture conditions, and measurements of doubling time in liquid culture
The strains used in this study were C. neoformans IFM 5808, 5844, 41464, and 45941 4 . They were haploid and used for a previous study 2 . Cells were cultured in 20 ml of YPG liquid medium 1% yeast extract, 1% polypeptone, and 1% glucose in a 100-ml Erlenmeyer flask at 24°C with reciprocal shaking at 150 rpm 5 . They grew exponentially and reached stationary phase at 22-26 hr. The optical density at 660 nm OD 660 of the culture was measured using a UV-1200 spectrometer Shimadzu, Kyoto, Japan . The exponential phase cells used in the present analysis were 16-17 hr cultures whose OD 660 showed 1.0 to 4.0. The culture reaching stationary phase showed OD 660 25-30 under our culture conditions. The doubling times of exponential phase cells in liquid culture were determined by the time required to double OD 660 .
DNA measurement of cells
The cells were fixed with 70% ethanol, washed with water, and suspended in NS buffer 10 mM Tris pH 7.4 , 0.25 M sucrose, 7 mM -mercaptoethanol, 0.4 mM phenylmethylsulfonyl fluoride, 1 mM disodium EDTA, 1 mM MgCl 2 , 0.1 mM ZnCl 2 , and 0.1 mM CaCl 2 . They were stained with propidium iodide 5 g/ml containing ribonuclease A 0.5 mg/ml, Sigma R-5503 at 37°C for 2-4 hours. They were then examined with an Olympus BHS-RFC microscope equipped with Olympus OSP-1, and fluorescence intensity was recorded as the DNA amount for individual cells of specific cell cycles 6 .
DNA content was also determined with a laser scanning cytometer LSC model 101, Olympus, Tokyo, Japan for several to ten thousands of cells. These were analyzed manually to determine duration time of G1 phase, as well as S, G2 and M phases 3 .
Time-lapse microphotography and doubling time measurements in petri-dish culture
The cell division of exponentially growing C. neoformans in YPG medium at 24°C was monitored and photographed at 10-15 min intervals for 6-9 hr using a Nikon inverted microscope in petri-dish culture. Ten l of cell suspension in the exponential phase of liquid culture was inoculated into 0.5 ml of YPG medium in a plastic petri-dish coated with poly-D-lysine to prevent cell movement during the observation. The daughter cells were separated immediately after cytokinesis, and the time of cell separation was regarded as the time of cell division. The doubling times of mother and daughter cells were recorded individually as times required to make cell divisions, whereas population doubling time of cells in petri-dish culture was measured by the time required to double the cell number e.g., from 50 to 100 .
Electron microscopy
The cells were collected by centrifugation, sandwiched between two copper discs, and rapidly frozen using propane slush cooled in liquid nitrogen. They were freeze-substituted in acetone containing 2% osmium tetroxide at -80°C for 2-3 days and embedded in epoxy resin 7, 8 . Ultrathin sections were obtained using a diamond knife, stained with uranyl acetate and lead citrate 9 , and examined by a JEM 1200EX transmission electron microscope JEOL Ltd., Tokyo .
Results
Stages of cells that reflect cell cycle progression and their proportion
Cells in the exponentially growing phase were stained for DNA, and examined by phasecontrast and fluorescence microscopes. They 
DNA amount in each stage of cell cycle
By measuring relative DNA content in individual cells using propidium iodide staining, it was found that DNA synthesis started before bud emergence stage 2 and finished at the stage when the cells had small buds stage 5 Fig. 2 .
Analysis by laser scanning cytometry
In order to determine duration time of the G1 phase in exponential phase cells in liquid culture, it was necessary to determine the proportion of G1 phase cells by analyzing the proportion of cells that had not started DNA synthesis. Figure 3 shows the cell distribution of various DNA amounts determined by laser scanning cytometry. The first peak of smaller DNA amount corresponds to cells in the G1 phase, which occupied 54.0% of the total cell.
The second peak of larger DNA amount and cell populations between the two peaks corresponds to cells in the S, G2, and M phases.
Duration of cell cycle in exponentially growing
C. neoformans in liquid culture
Cells in stages 5-7 were in the G2 phase, since they had completed DNA synthesis but had not started mitosis Figs. 1 and 2 . They accounted for about 18.7% 5.2% + 4.8% + 8.7% of the total cell population Fig. 1 . Cells in stages 8-10 were in the mitotic phase, judging by nuclear position, and were about 13.5% 5.1% + 4.9% + 3.5% of the total cell population Fig. 1 . Duration of S phase can be calculated by subtracting duration times of G1, G2, and M phase from the entire cell cycle duration 100% -54.0% -18.7% -13.5% 13.8% . Thus, duration of the G1, S, G2, and M phases in exponentially growing C. neoformans would be 54.0%, 13.8%, 18.7%, and 13.5% per cell cycle, respectively Fig. 4 . Because the doubling time of the exponentially growing cells under standard culture conditions YPG medium, 24°C, and 150 rpm was 132 ± 16 min mean ± standard deviation, data from 3 independent experiments , the durations of the G1, S, G2, and M phases were estimated to be about 71, 18, 25, and 18 min, respectively Fig. 4 .
Time-lapse photomicrography in petri-dish culture
The doubling time of individual cells was measured by time-lapse photomicrography in petri-dish culture. The growth of the cells was exponential during the observation, and the culture was in a steady state Fig. 5a . The data showing that the doubling time of the first division of the mother cells was not significantly different from those of second and third divisions data not shown support this assumption. The daughter cells were always born smaller than the mother cells
Figs. 5b-c . The doubling time of the daughter cells was 274 ± 27 min 15 measurements and that of the mother cells was 132 ± 16 32 measurements , indicating the doubling time of the daughter cells was about twice that of the mother cells. The doubling time of the whole population in petri-dish culture was 200 ± 46 min data from 3 independent experiments .
Spindle pole body in interphase cells
Exponentially growing cells were examined by freeze-substitution electron microscopy. SPBs in interphase cells were on the outer nuclear envelope and dumbbell-shaped Fig. 6 . By serial sectioning of cells, SPBs were found to take these forms during the G1 and G2 phases. Each SPB was about 340 nm long with spheres on each end, each sphere being about 150 nm in diameter additional data from a larger number of observations will be published elsewhere .
Discussion
The doubling time of C. neoformans was found to be about 132 min, and the cell cycle was found to consist of 71-min G1, 18-min S, 25-min G2, and 18-min M phases under standard liquid culture conditions. It was also found, from the time-lapse experiment in petri-dish culture, that the doubling time of the daughter cells was nearly twice that of the mother cells. The reasons the population doubling time in petri-dish culture was longer than that in liquid cultures are not clear; however, it is presumed that the limited oxygen supply in a petri-dish is one reason, because the culture was left to stand during the experiment.
In Saccharomyces cerevisiae, the initiation of budding, the initiation of DNA synthesis, and SPB duplication occur simultaneously, all of which are known to be triggered by 'start' 10 . In Exophiala dermatitidis, pathogenic ascomycetous yeast, the initiation of budding and the initiation of DNA synthesis occur simultaneously, but SPB duplication occurs at the start of the G1 phase 11, 12 . In C. neoformans, the initiation of DNA synthesis starts before the initiation of budding Figs. 2, 4 . The SPB must have divided immediately after cell division, because a dumbbell-shape Fig. 6 is observed throughout the interphase and this shape is considered to be a duplicated form 13 . That is, SPB duplication finishes before the initiation of budding and DNA synthesis. The dynamics of SPB duplication from the standpoint of the cell cycle in C. neoformans will be published elsewhere . Thus, C. neoformans shows different cell cycle patterns from S. cerevisiae and E. dermatitidis. To understand the control mechanism for the growth of this pathogen, a cell cycle analysis including SPB dynamics would be helpful. Research in this direction is now in progress in our laboratory. Fig. 6 . Ultrathin section of a C. neoformans IFM 5844 cell at interphase. The SPB arrow was on the outer nuclear envelope and dumbbell-shaped. Similar images of the SPB were also observed in IFM 5808 and 45941 cells. cw, cell wall; m, mitochondrion; n, nucleus; nu, nucleolus; rer, rough endoplasmic reticulum; v, vacuole; and *, electron dense material. Scale= 1 m, inset, 100 nm .
